Following a successful commissioning period, the multiturn extraction (MTE) at the CERN Proton Synchrotron (PS) has been applied for the fixed-target physics programme at the Super Proton Synchrotron (SPS) since September 2015. This exceptional extraction technique was proposed to replace the longserving continuous transfer (CT) extraction, which has the drawback of inducing high activation in the ring. MTE exploits the principles of nonlinear beam dynamics to perform loss-free beam splitting in the horizontal phase space. Over multiple turns, the resulting beamlets are then transferred to the downstream accelerator. The operational deployment of MTE was rendered possible by the full understanding and mitigation of different hardware limitations and by redesigning the extraction trajectories and nonlinear optics, which was required due to the installation of a dummy septum to reduce the activation of the magnetic extraction septum. This paper focuses on these key features including the use of the transverse damper and the septum shadowing, which allowed a transition from the MTE study to a mature operational extraction scheme.
I. INTRODUCTION
To provide high-intensity beams for fixed-target physics at the SPS, the longitudinal structure delivered by the PS has to comply with certain requirements. In order to reduce beam loading and to provide an almost continuous spill toward the experimental facilities, uniform filling of the SPS is desired. Considering that the length of the SPS is about eleven times the circumference of the PS, and that a gap for the rise time of the SPS kickers is needed, the nonresonant CT process was proposed in 1973 [1] . This extraction technique, which occurs over five turns at 14 GeV=c, allows to optimize the duty cycle as only two subsequent extractions from the PS are necessary to fill the SPS. On the downside, the CT extraction comes with the major drawback of significant beam loss occurring at multiple locations around the ring [2] , leading to a high dose to personnel during accelerator maintenance and repair as well as too long cool down times.
Therefore, the MTE technique was proposed to replace the CT process in 2001 [3] . MTE is a resonant extraction mechanism, which exploits advanced concepts of nonlinear beam dynamics and applies a fourth-order stable resonance to perform beam splitting in the horizontal phase space. The resulting beamlets-one core and four islands-are then extracted over five turns. More detailed information about the implementation of MTE in the PS and the theoretical treatment of adiabatic trapping can be found in [4, 5] .
Due to the complexity of the MTE scheme, its operational implementation has had to overcome many challenges. In 2010, about one month of operational experience could be gathered with this technique and two major issues were identified [6] : (i) significant fluctuations in the efficiency of the transverse splitting, in the losses at extraction and in the trajectories in the transfer lines; (ii) unacceptably high radioactive activation of the magnetic extraction septum (SMH16).
In order to overcome these problems, additional measures, which were not foreseen in the initial design of MTE [4] , had to be implemented. This concerned the development of a so-called dummy septum (TPS15), i.e., a passive absorber to shield SMH16, and its installation in straight section (SS) 15 of the PS during the Long Shutdown 1 (LS1) between 2013 and 2014 [6] . A certain fraction of the losses during the extraction is due to the debunched longitudinal structure of the beam: during the rise time of the fast kickers, the debunched beam is swept from the internal to the external side of SMH16, causing unavoidable beam loss. Using TPS15, the activation of SMH16 can be reduced by relocating these losses from SS16 to the well-shielded SS15. It was only after the installation of this device that the MTE commissioning could be resumed. A sketch of the PS layout is shown in Fig. 1 , including the main elements for MTE, namely the dedicated sextupoles and octupoles to perform the transverse splitting (located in SS39 and SS55), the octupoles to correct nonlinear coupling (located in even SSs) and the different fast extraction kickers (KFAs). In addition, the location of the transverse damper (TFB) is indicated. The use of this device was not foreseen in the initial design, but during the MTE commissioning stages the beneficial impact of a transverse dipolar excitation on the splitting efficiency was realized. Horizontal and vertical beam wire scanners (WSs) are indicated as well.
In Fig. 2 , the rf voltage programme of the main 10 MHz accelerating cavities together with the time evolution of the strengths of the key elements for MTE is shown. The eight bunches arriving from the PS Booster (PSB) experience a longitudinal double splitting on an intermediate plateau and upon arrival on the flat top, the rf voltage is significantly reduced to minimize the coupling between the longitudinal and the transverse planes. Moreover, the second order chromaticities are desired to be small to further reduce the modulation of the horizontal tune and to assure that particles with different momenta cross the resonance 4Q x ¼ 25, which is excited by the dedicated multipole magnets, almost simultaneously. The nonlinear elements induce negative detuning with amplitude and determine the size and the shape of the islands. Furthermore, the sextupoles are also used to reduce linear chromaticity. By means of additional quadrupoles, the horizontal tune is then programmed to cross the resonance and perform the horizontal splitting. At the end of the splitting process, the positions of the islands have to be rotated in the phase space in order to prepare the MTE beam for extraction in SS16. Subsequently, the beam is debunched and extracted towards the SPS.
In this paper, the key features of the MTE process are reviewed in detail by means of several experimental results and supporting simulation studies. These activities were essential to increase the understanding of MTE and eventually led to the implementation of appropriate measures to overcome the aforementioned problems. As a result of these studies, the MTE process was operationally deployed and has been used to deliver high-intensity beams to the SPS as of September 2015. Since then, it has successfully replaced the CT extraction. It is worth mentioning that a complete account of the performance analysis of MTE in the PSB, and the PS and SPS rings has been carried out and can be found in [8, 9] , respectively. This paper addresses the aspects related to the transverse splitting and its fluctuations in Sec. II and then discusses the essential role of the transverse dipolar excitation (see Sec. III). The nonlinear optics at extraction, which accounts FIG. 1. Layout of the PS ring including the combined-function main magnets (red and blue rectangles for the focusing and defocusing parts, respectively) and the location of the key elements for MTE. The ten different sectors of the PS are indicated by the numbers and the radial offset between the rectangles accounts for the four different magnet types (see [7] for more detailed information).
FIG. 2.
Top: rf voltage program and magnetic cycle of the PS. Injection occurs at 2.14 Gev=c and extraction at 14 GeV=c. Bottom: Operational functions of the octupoles and sextupoles applied to perform the transverse splitting. O NLC represents the family of octupoles dedicated to the correction of nonlinear coupling. The grey area corresponds to the time during which the transverse dipolar excitation is active.
for the necessary rotation of the islands, is reviewed in Sec. IV, while the septum shadowing is considered in Sec. V. Finally, some conclusions are drawn in Sec. VI.
II. ANALYSIS OF SPLITTING EFFICIENCY
The efficiency of the transverse splitting is the natural figure-of-merit of the MTE performance and is defined as
where hI Island i and I Total stand for the average intensity in each island and the total beam intensity, respectively. The nominal efficiency is 0.20, corresponding to an equal beam sharing between islands and core. One of the challenges of working with transversely split beams is the fact that it is difficult to directly measure the locations of the various beamlets in the phase space. Therefore, η MTE is inferred from phase space projections, which are obtained by using horizontal WSs or from beam current measurements in the transfer line after extraction of the five beamlets.
A. Experimental observations
One major show-stopper for the operational deployment of the MTE technique in 2010 was related to the observation of significant fluctuations of the splitting efficiency, which occasionally led to almost no population of the islands at all. After LS1 and the installation of TPS15, an extensive experimental campaign was started to identify the source of these fluctuations (see also [10] for more detailed information). Figure 3 shows the evolution of several horizontal profile measurements with the WS in SS54 (WS54). The WS in this straight section of the PS was chosen, as the projection reveals rather distinct beamlets due to the orientation of the horizontal phase space. Clear oscillations of the intensities captured in the various beamlets are observed, with oscillation periods in the order of tens of minutes. This phenomenon caused cycle-by-cycle variations of η MTE and significant deviations from the minimum acceptable value of 0.19 set by the SPS.
Subsequently, the stability of various parameters, which could perturb the splitting process, such as the horizontal tune or the rf voltage, was investigated on the MTE cycle; however, no clear correlation between these parameters and the measured fluctuations could be identified. Furthermore, the stability of the closed orbit was investigated and no oscillations were observed.
In the framework of the aforementioned investigations, an important observation was made when injecting argon ions into the PS, which occurs at approximately two-third of the rigidity of proton beams. Figure 4 shows a transverse tune measurement and, apart from the dominant horizontal and vertical tune lines, important sidebands are clearly visible. The frequency f SB of these sidebands can be determined via the revolution frequency f rev and the distance to the main tune line ΔQ SB
and the analysis showed that f SB corresponds to 5 kHz. The next step was to understand whether this observation could be explained by an actual modulation of the magnetic field at 5 kHz, which would then be directly transmitted to the beam, or if the tune measurement system itself was subject to an external disturbance.
To measure the magnetic field in the PS, pick-up coils are installed inside the reference main magnet outside the tunnel. The provided signals actually correspond to the time derivative of the magnetic field _ B ¼ dB=dt, and are used for longitudinal beam control as well as for the regulation of the power supplies [11] .
In Fig. 5 , measurements of the _ B-signal on the argon cycle are depicted. An analysis of the frequency spectrum revealed an important component at 5 kHz and, therefore, it was concluded that this oscillation is indeed present on the magnetic field. More interestingly, the amplitude of the peak at 5 kHz varied over time and was observed to change at the same rate as the amplitude of the previously discussed sidebands of the measured tune.
Subsequently, it was realized that 5 kHz is equal to the frequency of the switch-mode power converters (PCs) used to power the different circuits of the pole-face windings (PFWs), which are special auxiliary windings installed inside the combined function main units (MUs) and are used to control transverse tunes and linear chromaticities [12] . This fact together with the result of the aforementioned magnetic measurements strengthened the suspicion of the fluctuations being related to the PFWs.
Therefore, local measurements of the current, i.e., directly at the exit of the PC, were conducted, while the horizontal profiles were recorded with WS54. A peak-topeak current ripple of 120 mA at 5 kHz was observed on two out of five circuits, which corresponds to 20 × 10 −4 times the operational value and was clearly exceeding the specification of ∼1 × 10 −4 [13] . In Fig. 6 , the oscillation of the intensity of the outermost island obtained with WS54 is compared to the variation of the amplitude of the spectral line at 5 kHz measured on the PFWs, and very good agreement of the oscillation periods can be concluded.
All the observations presented in this section led to the understanding that the PFWs were at the origin of the intensity modulation of the islands. Furthermore, it was understood that different clocks, which are not synchronized with each other, are used to control the switching of the PCs. Any minor difference in phase and frequency between the clocks will, therefore, inevitably be transmitted to the current at the output of the PC. Due to their proximity inside the main units, the different circuits are magnetically coupled and the interference of the signals results in the modulation of the tune at 5 kHz with varying amplitude in time.
Following a hardware intervention to reduce the current ripple at 5 kHz, the fluctuation of η MTE was significantly improved. This achievement, which was the prerequisite to resume the transfer of MTE beams to the SPS, is also visualized in Fig. 7 , where the intensity of the different beamlets measured with WS54 is shown to be constant in time.
In addition to the aforementioned investigations, which identified a modulation of the tune as the source of cycle-by-cycle fluctuations of η MTE , the dependency of η MTE on a constant offset of the tune with respect to the nominal settings was studied. To address this point dedicated measurements were performed by introducing an offset in the settings of the quadrupoles used to control the horizontal and vertical tunes. Using the recorded values of the horizontal tune and η MTE , the two-dimensional probability distribution function has been estimated and the results are shown in Fig. 8 .
The MTE efficiency features a rather symmetrical decrease around the nominal value of the horizontal tune, corresponding to ΔQ H ¼ 0. Moreover, it is possible to estimate that a reduction of about 5% of η MTE;max is obtained for a change of ΔQ H ≈ 0.5 × 10 −3 , which can be considered the estimated threshold value in tune change that induces a non-negligible change of the MTE efficiency.
B. Benchmarking of simulations
The establishment of reproducible conditions for the horizontal splitting was an important milestone to continue the experimental studies with the MTE beam. Furthermore, it allowed to benchmark the results of simulations with the polymorphic tracking code (PTC) [14] with measurements conducted with the WSs. This was essential, as the overall complexity of MTE requires an accurate and predictive model of the accelerator to further advance the understanding of this complex technique and, in particular, to understand the observations analysed in the previous section.
In order to obtain meaningful simulation results the description of the PS lattice is relying on an effective magnetic model. Two thin multipoles are inserted into each half unit (focusing or defocusing) of the MUs and these elements are then used to account for the multipolar components of the lattice, which are introduced by the MUs themselves and the auxiliary circuits. Based on chromaticity measurement on the flat top of the MTE cycle, quadrupolar, sextupolar and octupolar components are inferred and the corresponding kicks are distributed along the lattice.
In Fig. 9 , a measured horizontal profile using WS54 is shown together with the corresponding phase space obtained by PTC simulations. When these measurements were recorded, several parameters, such as the horizontal tune and the strength of the transverse damper, were not optimized, leading to an important population of the core in the order of about 40% and, therefore, this example was selected for the purpose of illustration only. Already from this comparison between the simulated phase space and its measured projection, very good agreement of the location of the stable fixed points (SFPs) between the model and reality can be concluded. Figure 10 depicts the evolution of the horizontal profiles during the splitting process, which is composed of seventy different measurements. For this specific setup of the nonlinear elements, the main part of the splitting process occurs within 30 ms after crossing the resonance. Toward the end of the cycle, the rotation of the islands in the phase space, which is required to properly position the beamlets in the extraction region, is visible. During the entire splitting process, the locations of the five SFPs obtained by simulations are indicated by the colored markers on top of the measurement results. Even though the measurements were not performed with statistical significance, as every wire scan could only be carried out once within the available time frame of one hour, the smooth evolution of the data indicates an extremely reproducible splitting process. Minor discrepancies between measurements and simulations can be observed at the start of the rotation, i.e., around a time of 810 ms: this is due to the fact that the measurement of the MTE beam with a WS at this moment of the cycle actually takes about 5 ms and, accordingly, a time stamp of 810 ms corresponds to a time frame of 810 AE 2.5 ms. The agreement between measurements and simulation results validated the ability of the model to forecast the positions of the islands.
C. Simulation studies
The possibility of conducting 6D simulations with timevarying magnet strengths with the PyORBIT code [15] using PTC as underlying tracking code-enables the exploration of the extremely wide MTE parameter space. Based on various past simulation studies and, more importantly, on operational experience with the MTE technique, the sensitivity of the process to variations of the horizontal tune is well known. This becomes also apparent in Fig. 10 , where a variation of ΔQ x ¼ 5 × 10 −3 leads to a separation between the core and the islands of about 25 mm (see also [8] for more detailed information about the settings of the magnetic elements applied during the splitting process).
In order to investigate the effect of a tune modulation at 5 kHz on the efficiency of the transverse splitting, the dedicated multipole elements required to perform the horizontal splitting, i.e., sextupole and octupole magnets, were programmed according to the operationally used values and the horizontal tune was constantly increased over 50 × 10 3 turns to cross the resonance and perform the transverse splitting. The emittances of the transverse Gaussian particle distributions used in the simulations were based on measurements with WSs, and amounted to (1σ, normalized): ε n x ¼ 12 mm mrad, ε n y ¼ 5 mm mrad. The longitudinal particle coordinates were based on a measured reconstruction of the longitudinal phase space using tomography [16] , with Δp=p ð1σÞ ¼ 5 × 10 −4 . In addition, a 5 kHz tune modulation corresponding to the maximum measured ripple amplitude of the PFWs circuits (120 mA) was included in the simulations. In Fig. 11 , the resulting topology of the horizontal phase space FIG. 10 . WS54 measurements of the evolution of the transverse splitting along the cycle, with the simulated positions of the core (circle) and the islands indicated by the respective markers. In this case, the resonance was crossed at 760 ms and the rotation of the phase space started around 808 ms (indicated by the white solid line). Note the apparent discontinuity in the islands' positions at this moment, which is due to the projection effect from phase space to horizontal space.
FIG. 11. Simulated horizontal phase space portraits in SS01 at the end of the splitting process in the absence of a tune ripple (top) and with a ripple amplitude corresponding to the maximum measured current ripple on the PFWs circuits (bottom). To quantify the effect on η MTE , particles inside the red boundary (drawn at AE3.5σ core in x and x 0 ) are considered core particles. The efficiency of the splitting process is clearly reduced by the presence of a tune ripple.
is compared to the case without any tune ripple. Simulations without any ripple show an efficiency of only 0.145, which is in agreement with experimental observations in the absence of the transverse damper. This device is operationally used to horizontally excite the beam for about 14 × 10 3 turns (the PS revolution period corresponds to 2.1 μs) after the crossing of the fourth order resonance to improve the trapping probability into the stable islands (see also Sec. III).
However, similar experimental results of η MTE were achieved without using the transverse damper (see also Fig. 13 ), which highlights the very good capabilities of the effective nonlinear model for MTE. Furthermore, the tune ripple was found to severely affect the splitting process, leading to a reduction of η MTE by more than 1% for the chosen parameters.
These simulation results clearly confirm what was expected based on experimental data: a tune ripple, if occurring at sufficiently large amplitude, is capable of preventing a proper splitting process. Following this conclusion, Fig. 12 depicts additional simulation results, which describe the dependency of the η MTE on the amplitude and frequency of the ripple. These studies revealed that the splitting efficiency is even more severely affected by frequencies lower than 5 kHz. For higher frequencies, the impact on the splitting was found to be less important.
In the case of conventional beam production, where the linear motion is of principal importance, the betatronic frequencies of the particles are considerably higher than several kHz. Considering, however, the betatronic motion around the SFPs in the islands, the situation changes as the oscillation frequencies slow down significantly. Investigations were conducted to determine the secondary oscillation frequencies of particles close to the islands' centers and it was understood that they indeed oscillate at frequencies in the low-kHz regime. Simulation studies with PTC revealed that the main oscillation frequency of a particle close to the SFP is around 2.5 kHz and, in addition, the spectrum of the particle motion contains several higher harmonics due to the highly nonlinear motion. This is in agreement with the time-dependent simulation results discussed in Fig. 12 , where a tune ripple at 2.5 kHz was found to be especially detrimental to the transverse splitting.
Therefore, it was concluded that the depopulation of the islands in the presence of a low-frequency tune ripple occurs due to an overlap of the external excitation frequency with the particles' natural frequency of motion during the splitting process.
III. TRANSVERSE DIPOLAR EXCITATION
Since the early stages of the experimental activities carried out to study and implement MTE, it turned out that η MTE had typical values lower than the target of 0.2. However, it was also observed that the use of a horizontal dipolar excitation during the resonance-crossing stage was increasing the value of the MTE efficiency up to the target or even beyond it. The mechanism leading to this observation is still a topic of intense theoretical studies [17] .
The excitation is generated by means of the PS transverse damper. This device is based on a stripline kicker that normally works in closed loop with a transverse pick-up to preserve the beam emittance by damping injection oscillations and curing transverse instabilities. For the specific application of transverse beam splitting, the kicker is operated in open loop and provides a simple dipolar excitation. The main hardware parameters of the kicker are reported in [18] .
The typical transverse displacement provided by the device is of the order of few tens of micron. Hence, this seems to indicate that the effect introduced by the transverse excitation is rather a resonant one than a possible modification of the transverse beam distribution. Another interesting observation is that the use of the dipolar excitation allowed reducing the dependence of η MTE on the value of the horizontal emittance before crossing the resonance.
The effect of the transverse damper on the beam during the splitting process can be described by an excitation amplitude and an excitation frequency, the latter being described by converting the frequency into fractional tune values. It is worth mentioning that the excitation can be switched on, in a single turn, at a given time and kept for a certain duration after which it is switched off, also in a single turn. Furthermore, thanks to recent upgrades, it is now also possible to generate an excitation with a timedependent frequency and, in this case, the initial frequency value and the frequency change per time, i.e., the slope of the function, can be accurately controlled. The impact of all these parameters on the beam dynamics has been carefully studied with dedicated beam measurements. A single, selected control parameter was randomly changed in a given interval and the corresponding value of η MTE was recorded. The typical time span of each measurement session was of several hours, thus exceeding also the typical time scales of the variations of the MTE efficiency.
The results of the scans of the amplitude and frequency are shown in Fig. 13 . For these cases the excitation frequency was kept constant in time. Each measured point is labeled with the level of beam losses at extraction measured on the beam loss monitor (BLM) in SS16.
A clear saturation of the effect of the damper excitation amplitude is visible, with a tendency of reducing η MTE for an excitation close to the maximum amplitude of 1.0. Moreover, a sharp peak is observed in the scan over the excitation frequency. It is interesting to note that the excitation corresponding to the peak of η MTE occurs at 0.2514, which is a little larger than the resonant tune value.
In both cases one can notice that the largest MTE efficiencies are correlated with low losses at extraction. The results of the frequency scan shown here refer to the scan over the fractional part of the equivalent tune value. Nonetheless, it is also possible to vary the integer part: accurate measurements showed, however, almost no dependence of the MTE efficiency on the integer part of the equivalent tune value.
It is also worth pointing out that the measurements show a value of η MTE ≈ 0.15 in the absence of excitation. Such a value is very close to that obtained with numerical simulations (see Fig. 12 ), i.e., 0.145, thus indicating the excellent predictivity of the model used for simulations.
The outcome of the scans over the start of the excitation and its duration is shown in Fig. 14. The parameter of the scan is in fact represented as difference with respect to the value used in normal operation. Strikingly, η MTE appears to increase with decreasing length of the excitation window (Fig. 14, bottom) . This phenomenon is due to the limited reproducibility of the quadrupolar component of the main field, which is also reflected in the larger spread of η MTE . Further improvement of the magnetic reproducibility of the machine will therefore be required to shorten the excitation window.
FIG. 14. Dependence of η MTE on the timing (top) and duration (bottom) of the excitation generated by the transverse damper. In both cases the scanned quantities are provided with respect to the nominal value used for MTE operation. The color scale provides the information on the extraction losses as measured by the BLM in SS16. In general, η MTE features very broad and mild optima and the operational values of the parameters were already in the middle of the optimal ranges. Nevertheless, the beginning of the excitation window was advanced by 3 ms to move away from the sharp decrease of the MTE efficiency. Also in this case the higher η MTE the lower are the measured losses at extraction.
The last study focused on the determination of the optimal parameters of the time-dependent excitation frequency, namely initial frequency and slope. The results are shown in Fig. 15 .
A clear optimum is observed for the slope, corresponding to _ Q H ≈ 0.1 s −1 . It is worth mentioning that the programmed tune change generated by the special tuning quadrupoles corresponds to about the same value of _ Q H . The scan over the initial value of the excitation frequency, which was conducted using the previously determined optimum slope, shows a relatively broad peak, with a position that is compatible with the optimum value of the frequency as obtained from the first scan (see Fig. 13 , bottom). The broader peak with respect to the results presented in Fig. 13 (bottom) is a convenient feature as it contributes to reducing the dependence on external perturbing effects that might shift the beam tune at the beginning of the resonance crossing process.
The presented results suggest that the best strategy to improve the MTE efficiency is to excite the particles at a frequency that follows the changing horizontal tune along the cycle.
IV. NONLINEAR OPTICS AT EXTRACTION
Subsequent to the successful splitting in the horizontal phase space, the beamlets have to be rotated in order to correctly position them at SMH16. The results of the previously discussed time-dependent simulations revealed that the operationally used rotation process occurred very quickly (see also Fig. 10 ) and, therefore, nonadiabatically. Eventually, this results in detrapping, filamentation and emittance blow-up, as the particles captured inside the islands are not able to follow the rapid motion of the SFPs (see Fig. 16 ). This is unfavorable for the subsequent extraction process, as these particles are lost during the rise of the fast bump, which reduces the overall extraction efficiency and increases the activation of the extraction region.
Further investigations of the final rotation at the location of SMH16 were conducted with PTC. In Fig. 17 (top) , simulation results of the horizontal phase space of the external island at SMH16 are illustrated during the time span of the rotation. It is worth mentioning that this process occurs due to a change in the octupolar configuration of the lattice, as the strengths of the dedicated MTE octupoles is reduced toward the end of the cycle. At a cycle time of 809 ms, the beamlet is found to be perfectly positioned for extraction, as x 0 SMH16 ≈ 0 mrad, and its size is significantly reduced compared to the configurations at the beginning and the end of the rotation. If the rotation occurred adiabatically and could be frozen at this instant, minimum extraction losses would be expected for such a configuration. This is based on the fact that for an adiabatic rotation, no particles remain in between the islands and the core and, furthermore, the clearance between the beam and the extraction septum is increased by reducing the beamlet's size.
Even though the islands' phase space topology is rather distorted, the β x -function is a representative measure of the beam size in the close vicinity of the SFP. Its behavior for the external island is shown in Fig. 17 (bottom) , and the rotation is found to be accompanied by a kind of discontinuity in the function.
The presented results led to the understanding that (i) the rotation has to occur significantly slower to preserve the splitting efficiency η MTE , and (ii) the surface of the islands can be reduced by properly choosing the multipolar configuration. Nevertheless, it has to be considered that any reduction of the surface is always accompanied by a certain probability of detrapping [4] . This surface reduction in combination with the intended adiabatic rotation can eventually be achieved by acting either on the sextupolar or the octupolar component of the magnetic field. As acting on the octupolar component is accompanied by a significant change of the amplitude of the SFPs in the islands, it was decided to slowly adapt the sextupolar component to perform an appropriate rotation.
As a starting point the multipolar configuration at the end of the splitting process, i.e., before the final rotation takes place, was chosen. Subsequently, simulations were performed to investigate the susceptibility of the positions of the SFPs to changes of the settings of one dedicated MTE sextupole in SS55 (X55). In Fig. 18 (top) , the response of the SFP at SMH16 to variations of the strength of X55, measured in terms of its electric current I X55 , is shown. To provide proper extraction conditions, x 0 SMH16 ≈ 0 mrad is sought for the outermost island, which can be achieved for a setting of I X55 ¼ 160 A. Regarding the evolution of the β x -function (shown in the bottom of Fig. 18 ), a similarity to Fig. 17 (bottom) is observed: close to the optimum settings, β x experiences a significant jump, which can be exploited to reduce the island's size.
In order to achieve the required final separation of the beamlets while adiabatically rotating them, it was decided to slowly increase I X55 and, at the same time, carefully adjust the horizontal tune. The corresponding time-dependent simulation results are presented in Fig. 19 and the islands are shown to slowly adapt to the new configuration. Thereby, they are elongated and the external one is reduced in horizontal size, which provides additional margin for the proper extraction process. With this configuration of the adiabatic rotation, the external beamlet (with x > 0) can be properly positioned at TPS15 and SMH16. In Fig. 20 , the horizontal phase space portraits at the corresponding locations are shown during the fast bump. The optimization of the phase space rotation allowed to obtain sufficient clearance between the septum blades and the beamlets.
Furthermore, this optimized configuration comes with the beneficial effect of significantly reducing the dispersion function of the external island at SMH16 from D x ¼ 4.52 m to D x ¼ 0.11 m. The beneficial impact of this improvement is also visualized by looking at Fig. 23 .
The optimized multipole settings were experimentally implemented and a dedicated study showed that the extraction efficiency significantly increased from 93% to 97% due to the implementation of an adiabatic rotation.
However, it should be noted that the dedicated MTE sextupoles are applied for chromaticity correction. For the case under discussion, the horizontal chromaticity becomes actually slightly negative by increasing I X55 to 160 A, which is obviously undesired as MTE operation takes place above the transition energy. For the intensities, which are presently being operationally used, however, no transverse instabilities have been observed. On the one hand, this is based on the fact that the whole process of rotating the phase space takes place only 6 ms prior to debunching and 15 ms prior to extraction, which restricts the available time for an instability to develop. On the other hand, the intensity per beamlet is rather small due to the transverse splitting and the bunch length being rather long due to the reduced rf voltage.
The final step pursued to further increase the extraction efficiency was to correctly position the dummy septum with respect to SMH16, i.e., to establish shadowing conditions. The corresponding experimental results are set out in the following section.
V. SEPTUM SHADOWING
Based on the operational experience gathered with the MTE beam during 2010, the decision to install TPS15 was taken. More detailed information about its design and implementation can be found in the corresponding design report [6] . This device has been designed to absorb particles FIG. 19 . Simulated horizontal phase space portraits in SS01 showing the evolution of an improved final rotation, which takes about six times longer than the one illustrated in Fig. 16 . η MTE is conserved during the process and the final surface of the islands, which is shown in the bottom plot, is significantly reduced. Note that the SFP of the external island is located at x 0 ≈ −1 mrad, which is required to properly position the beamlet in SS15 and SS16. The respective cycle times are indicated in the bottom left corners of the plots.
FIG. 20. Horizontal phase space portraits at TPS15 (top) and SMH16 (bottom) during the fast extraction bump. The shown surfaces of the islands represent single particle 2D tracking results, for a particle situated close to the separatrix. The optimization of the rotation has to consider the phase advance of ≈22.5°between the two locations.
that would otherwise be lost at SMH16 during the rise time of the fast extraction kickers. These losses correspond to approximately 2% of the full beam intensity and arise due to the continuous longitudinal structure of the beam. It should be emphasized that the core and the islands are two disconnected phase space structures in the horizontal phase space, which need to jump the blades of the septa independently. Moreover, the rise time of the fast extraction kickers involved in the process is different.
TPS15 allows to reduce the radioactive activation in SS16 by relocating beam loss to the well-shielded SS15 and, therefore, the waiting time for any intervention in case of an issue with SMH16 is significantly reduced. Obviously, the opposite would be true for an intervention in SS15; however, a failure of the TPS15 would only affect the MTE beam, whereas SMH16 is required for the extraction of all proton beams. It is worth mentioning that a failure of TPS15 is unlikely due to its passive nature.
Even though the device is designated as septum, its purpose is purely passive as the interaction with the beam is only of mechanical nature and no magnetic field to deflect the beam is applied. The main component of this passive septum is a 400 mm long and 4.2 mm wide copper blade, whose angle and position can be precisely adjusted by means of two motors to shadow the magnetic septum (see Fig. 21 ).
SS15 was chosen as location for the dummy septum due to its proximity to SS16. It nevertheless has to be considered that the phase advance between those two sections of the accelerator is nonzero and the gap created downstream of TPS15 will have been slightly repopulated at the entrance of SMH16.
It is worth emphasizing that TPS15 constitutes an important aperture restriction in the extraction region. Therefore, the installation of TPS15 significantly complicated the MTE extraction process and impacted most of the other operational users as well by reducing the available aperture. Therefore, a redesign of the extraction trajectories was required for these users.
Prior to the activation of the fast extraction kickers a slow extraction bump with 6 ms rise time, which follows the shape of a quarter sine wave, is applied to approach both septa. During this period the particle motion is influenced by magnetic feed-down effects created by the nonlinear fields of the PFWs. This especially affects the positions of the islands, as the sextupolar and octupolar components of the PFWs generate a quadrupolar component by feeddown, while higher-order fields cause a minor change of the islands' size and shape. In the past, extraction bumps causing only a positive excursion of the beamlets' trajectories had been applied. Experimental experience showed undesirably high positive tune shifts, which caused the islands to be lost at SMH16, as they were transported to high amplitudes already before the maximum value of the slow bump was achieved. Therefore, a dynamic compensation of the tune during the rise time of the bump, which aimed at keeping the distance between the islands and the core constant, was concluded to be inevitable. However, additional studies revealed that such a compensation is extremely cumbersome to achieve and an alternative extraction bump was developed (see [10] for more detailed information). The main requirements for this bump were (i) to provide sufficient amplitude in SS15 to send the beam to the other side of TPS15 and (ii) to minimize the need for a tune compensation scheme during the rise time of the bump. Both points were achieved using a superposition of two π-bumps as shown in Fig. 22 . The dedicated magnets are installed in SS12, 14, 20 and 22, and the depicted configuration allows to push the particle amplitude towards the outside of the machine at TPS15 without modifying the orbit at SMH16. However, an additional aperture restriction is created by the large negative excursion inside the MU19.
The major advantage of this new scheme is based on the alternation between positive and negative amplitudes FIG. 21 . During the rise time of the fast extraction kickers, the beam is swept from the internal to the external side of both TPS15 and SMH16. Proper adjustment of the positions (and angles) of both septa allows to put SMH16 in the shadow of TPS15, and, therefore, reduce the losses in SS16. In the shown configuration the black rectangles indicate the septa at properly adjusted positions to provide shadowing. The efficiency of the shadowing might, however, be different between the core and the islands. experienced by the beam: the resulting tune shift due to feed-down effects is almost self-compensated and only a minor tune correction is required to account for this effect. In order to visualize the extremely tight space constraints during the extraction process, the trajectories of the islands and the appropriate envelopes representing their beam sizes are displayed in Fig. 23 . Once the slow bump has reached its maximum the outermost island is positioned closely to the septa and the fast extraction kickers are subsequently fired to extract the islands and the core over five turns. Simulation studies and experimental experience showed that TPS15 had to be moved to its minimum position of 80.5 mm and an angle of 0 mrad to reduce beam loss during the fast bump by providing sufficient separation between the beam and the septum blade.
The successful modification of the slow bump allowed to determine the optimum shadowing configuration to minimize beam loss in SS16 and, therefore, a fine scan of the remaining degrees of freedom, namely the position and angle of SMH16, was experimentally conducted.
The essential component of the applied measurement procedure is the fast beam loss monitor (BLM) in SS16, which allows us to resolve beam loss on a time scale much shorter than one turn. Hence, losses occurring during the extraction of the islands can be distinguished from those created during the final turn. In Fig. 24 (top) a typical beam loss pattern during the last five turns, corresponding to 10.5 μs, is shown. The first peak is proportional to losses occurring during the rise time of the kickers to extract the islands (360 ns between 10-90% of the maximum strength), while the second, smaller, peak describes beam loss caused by the rise of kicker for the core (70 ns between 10-90% of the maximum strength) [6] . To evaluate the shadowing efficiency, the sum of the amplitudes of both peaks was considered as a figure of merit and the dependency of this value on the position and angle of SMH16 was investigated.
For an angle of 0 mrad, beam loss was observed to be a quadratic function of the position, with a minimum located at 58.65 mm (see Fig. 24 bottom) . The losses measured at this position corresponded to a reduction by about a factor three compared to the value obtained for the settings of TPS15 and SMH16, which were considered operational at the time these measurements were conducted (82.5mm=0mrad and 55.5mm=3mrad, respectively). Based on these results, the following settings were chosen as new operational configuration: TPS15 at 80.5mm=0mrad and SMH16 at 57.5 mm=1 mrad. These values constitute an acceptable compromise for both MTE and the other operational users. Measurements with the slow BLMs, which integrate beam loss over 1 ms, are shown in Fig. 25 and confirm the intended reduction of losses in SS16. BLM15 was found to be the only remaining saturating device.
Regarding the extraction efficiency, an increase to 98% was observed on average, which has to be compared to 97% after the optimization of the nonlinear extraction optics (see Sec. IV). In this context an interesting observation was made: on a cycle-by-cycle basis the beam losses in SS16 showed significant fluctuations. Positioning SMH16 in the shadow of TPS15 was a prerequisite for observing this phenomenon, as this led to a nonsaturated signal of the slow BLM16. For further investigations the variation of the frequency component of the main magnetic field at 5 kHz was evaluated and compared to the measured signal of BLM16. In Fig. 26 both signals are shown to oscillate in a correlated manner, which led to the conclusion that the noise of the PCs of the PFWs still affected the MTE process, even though the ripple amplitude had been significantly reduced (see Sec. II). The effect is actually twofold: (i) the splitting process itself is affected, causing particles to be expelled from the islands and (ii) the islands' positions are modulated. Both effects contribute to the observed cycle-by-cycle variation of the losses in SS16 and, hence, the extraction efficiency and the reproducibility of the extraction trajectories in the transfer line toward the SPS.
VI. CONCLUSIONS
The efforts dedicated to the study and the implementation of the MTE technique in the PS have been rewarded by its first use in routine operation, which started in the second half of the 2015 SPS physics run. In this paper the key features, which are nonstandard topics in accelerator physics, of this extraction mode have been presented and discussed in detail.
Detailed measurements and simulation studies indicated clearly the strong and harmful impact of the lack of magnetic stability of the various accelerator elements. In particular, ripple effects generated by the power converters controlling the special coils installed in the PS main magnets have been proven to be the main source of the time-variation of the MTE efficiency.
Ideally, the frequencies of all PCs operating in switchmode should be in the order of 10 kHz to reduce any interplay with the natural secondary frequencies of particles inside the islands. However, due to the load represented by certain circuits, this is technically not always feasible. Therefore, the feasibility of synchronizing the clocks controlling the switching of the different PCs has been investigated and will be implemented in 2017. With this improvement, the splitting process will still be affected, but it will no longer be subject to time-dependent fluctuations.
Controlling the secondary frequencies in order to keeping them small during the whole splitting process could be imagined. Thus, the overlap of the beam spectrum with that of the PCs would be reduced. However, as the secondary frequencies depend on the size of the islands and their distance from the center [19] , this type of advanced splitting control requires a detailed investigation and optimization of the configuration of the non-linear elements.
Lastly, the use of the transverse damper has enabled increasing η MTE from 0.14-0.15 without excitation, to beyond 0.2 (up to 0.21-0.22) with excitation. The impact of the horizontal dipolar excitation on the MTE efficiency has been studied in detail by means of scanning several of the available parameters. This has provided important information to guide further optimization of the excitation parameters and revealed that a high value of η MTE is correlated with low extraction losses. The new feature enabling the possibility to generate a time-dependent excitation frequency has been probed and, based on its positive impact on the MTE efficiency, will be used in the next operational run. It is also worth stressing that the understanding of the impact of the transverse damper on beam splitting is the current topic of theoretical investigations.
The multitude of presented studies concerning the key features of the MTE extraction allowed to stabilize and increase η MTE and the extraction efficiency. The latter experienced an improvement from 93% to 97% due to the implementation of an adiabatic rotation of the beamlets in the horizontal phase space prior to extraction. A further increase of the extraction efficiency to above 98% was achieved by FIG. 25 . Integrated beam loss measured after extraction on the MTE cycle using TPS15 and SMH16 in shadowing configuration. Only BLM15 is saturated, and beam loss at the adjacent SMH16 is significantly reduced. For comparison, the MTE case without TPS15 and the CT case are shown. Error bars for the case of MTE with shadowing correspond to the standard deviation of 500 consecutive measurements. establishing a shadowing configuration between the newly installed TPS15 and the magnetic extraction septum SMH16.
Since LS1, the MTE commissioning has focussed on the establishment of reproducible experimental conditions and on rendering MTE operational. After having achieved this milestone, the optimization and simplification of the currently operationally used settings of the nonlinear MTE elements (see Fig. 2 ) can now be addressed.
In order to prepare the MTE scheme for potential future high-intensity beams, additional ideas, which require dedicated studies, will also be pursued. This concerns, on the one hand, the implementation of a longitudinal barrier bucket to provide a gap for the rise time of the fast extraction kickers and, on the other hand, investigations of the feasibility to extract at higher energy to alleviate the constraints in terms of limited available aperture.
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